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RNA interference: It’s a small RNA world
Eric G. Moss
Short RNAs regulate gene expression in many species.
Some are generated from any double-stranded RNA and
degrade complementary RNAs; others are encoded by
genes and repress specific mRNAs. Both, it turns out,
are processed and handled by similar proteins. These
pathways offer a glimpse into a world of small RNAs.
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It is a pleasant surprise when cellular processes thought to
be unconnected are found to share common elements —
what is understood about each then provides insight into
the other. Recent efforts of several laboratories have brought
together two fascinating forms of gene regulation: silenc-
ing genes by degrading their mRNAs, and blocking trans-
lation of specific mRNAs during development [1,2]. Both
of these processes involve very small RNAs, about
22 nucleotides in length. As discussed below, these mecha-
nisms have significant distinctions, but they are now united
by the proteins that process and handle them.
These two mechanisms are also united in that they were
discovered and characterized primarily in the nematode
Caenorhabditis elegans and the fruitfly Drosophila. The
genetic and biochemical approaches possible with these
model systems have powerfully complemented each other
during the identification and characterization of the key
components that mediate these forms of regulation.
Undoubtedly, the molecular details of these processes will
be worked out first in these animals. But both mechanisms
appear to exist in a great variety of organisms, and are
therefore likely to be very important in diverse contexts.
Small interfering RNAs
It is now well established that cells of many organisms
possess mechanisms to silence any gene when double-
stranded RNA (dsRNA) corresponding to the gene is
present in the cell [3]. These mechanisms, called post-
transcriptional gene silencing, may have evolved to
interfere with viral replication or transposon activity, or to
respond to other forms of inappropriate gene expression.
The technique of using dsRNA to reduce the activity of a
specific gene was first developed using C. elegans and has
been termed RNA interference, or RNAi [4]. RNAi has
since been found to be useful in many organisms, and
recently has been extended to mammalian cells in
culture [5–7].
An important advance was made when RNAi was shown to
involve the generation of small RNAs of 21–25 nucleotides
[8,9]. These small interfering RNAs, or siRNAs, are initially
derived from a larger dsRNA that begins the process, and
are complementary to the target RNA that is eventually
degraded. The siRNAs are themselves double-stranded
with short overhangs at each end (Figure 1); they act as
guide RNAs, directing a single cleavage of the target in
the region of complementarity [8,10].
Small temporal RNAs
It had not escaped notice that  siRNAs are very similar in
size to two RNAs that control larval development in
C. elegans [11]. These are products of the lin-4 and let-7
genes, which encode RNAs of 22 and 21 nucleotides,
respectively. These two genes are expressed at specific
times and repress a few protein-coding genes that govern
the staging of developmental events [12]: lin-4 represses
two genes, lin-14 and lin-28, at the end of the first larval
stage; let-7 represses the lin-41 gene near the end of larval
development. Their stage-specific expression and role in
timing events has earned them the name small temporal
RNAs, or stRNAs. Interestingly, let-7 homologs exist in
many diverse animals, so stRNAs must be ancient and
widespread [13].
There are, however, two major differences between stRNAs
and siRNAs. First, whereas siRNAs may be generated from
any double-stranded RNA of sufficient size, stRNAs are
generated from longer stem–loop precursors that are
explicitly encoded in the genome (Figure 1). And second,
the stRNAs do not cause mRNA degradation, but rather
act through specific sequence elements in the 3′ untrans-
lated regions of their target mRNAs, apparently affecting
translation ([12,14] and our unpublished data). Because of
these differences, the similarity in size between the two
types of small RNA initially seemed only a coincidence.
Dicer
From the similarity between the siRNAs and the products
of RNaseIII, which cleaves double-stranded RNA into
discrete sizes, Brenda Bass and others predicted that an
RNaseIII activity is involved in the generation of siRNAs
[15,16]. Such an enzyme was indeed found to have a role
in initiation of RNAi in Drosophila, by Bernstein and col-
leagues [17], who named the protein Dicer. In addition to
having two RNaseIII domains, Dicer has a helicase
domain, a dsRNA-binding domain, and a PAZ domain,
which, interestingly, it shares with the Argonaute/RDE-1
proteins discussed below. Dicer homologs exist in many
organisms, including C. elegans, the plant Arabidopsis, the
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fission yeast Schizosaccharomyces pombe and humans. Muta-
tions of the Arabidopsis homolog cause severe defects in
flower development [18]. This is an important demonstra-
tion that gene silencing is not the only biological role for
this family of enzymes.
The stories of siRNAs and stRNAs made a striking
convergence when Grishok et al. [1] investigated the gene
encoding the C. elegans Dicer homolog, dcr-1. In addition to
showing that dcr-1 has a role in RNAi in C. elegans, they also
found that animals with reduced dcr-1 expression resemble
lin-4 and let-7 mutants. Specifically, they found that reduc-
tion of dcr-1 causes certain alterations in developmental
events and changes in gene expression that are consistent
with dcr-1 having a role in the pathway that includes the
stRNAs. Furthermore, dcr-1 shows appropriate genetic
interactions with lin-14 and lin-41, two genes regulated by
stRNAs. Grishok et al. [1] carefully examined the state of
the stRNAs, and found that they are poorly processed from
their precursors when dcr-1 activity is reduced.
Hutvágner et al. [2] also recognized the similarities
between siRNAs and stRNAs and the possibility that both
may be generated by Dicer, and directly tested the impor-
tance of Dicer for the generation of the mature let-7 RNA
in human cells. To do this, they reduced human Dicer
expression in cultured cells using the RNAi technique.
They found that, in the RNAi-treated cells, human let-7
precursor accumulated and the mature short form was
diminished. Their careful biochemical analysis of Drosophila
let-7 RNA also indicated that it is very likely processed by
Dicer as well.
Knight and Bass [19] also investigated the role of dcr-1
in C. elegans. In addition to establishing at least a partial
requirement for dcr-1 in RNAi and suggesting it has a role
in development, they observed a sterility phenotype that
was also mentioned by Grishok et al. [1]. No formation of
embryos occurs in dcr-1 mutants, although sperm and
oocytes are produced. The oocytes, however, appear
deformed; in particular, their nuclei are misshapen, which
may be the result of nuclear division without cell division.
This phenomenon cannot yet be explained by an effect on
any known RNAs. 
These findings reveal a striking conservation among
humans, flies and worms of at least two roles of the Dicer
family nucleases in processing siRNAs and stRNAs from
dsRNA precursors. Still, there are important differences
between siRNAs and stRNAs that are not yet completely
explained by the action of Dicer. Whereas the siRNA
precursors have complete base-pairing, the stRNA precur-
sors have variously placed bulges and loops — these
differences must be accommodated by the enzyme in recog-
nition and cleavage. Also, both strands of the siRNAs are
detectable after processing, but only one strand of the
stRNAs can be seen, the other probably being destroyed
quickly after it is produced. And then there is the issue of
their very distinct mechanisms of action. Some of these
differences may be the result of the interplay of other pro-
teins that are specifically associated with one kind of small
RNA and not the other. 
The Argonaute/RDE-1 family
One of the most interesting ramifications of these studies
has to do with the Argonaute/RDE-1 family of proteins.
The biochemical functions of these are not yet known, but
several have been shown to have important roles in gene
silencing and development. Members of this protein family
occur in diverse organisms, and they suggest that small
RNAs have a significance beyond what is already known.
Genetic screens in C. elegans identified several loci required
for RNAi, termed rde, for RNAi-defective [20]. One of
these, rde-1, encodes a member of a large family that
Figure 1
The intersection of the siRNA and stRNA pathways, as suggested by
recent work on C. elegans, Drosophila and human cells. Different
double-stranded RNA precursors are processed by the same nuclease,
Dicer. Members of Argonaute/RDE-1 protein family have roles in the
generation and function of the small RNAs.
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includes proteins involved in gene silencing in other
organisms (Figure 2). Argonaute is needed for gene silenc-
ing in Arabidopsis [21]. QDE-2 is required for ‘quelling’,
the gene silencing phenomenon in the fungus Neurospora
[22]. Aubergine/Sting of Drosophila is involved in the
repression of the repetitive Stellate locus by a gene silenc-
ing phenomenon not unlike RNAi [23]. These proteins
have in common two sequence motifs: a PIWI domain and
a PAZ domain [16]. The PAZ domain is especially inter-
esting because it is also possessed by the Dicer nuclease.
It has been speculated that the PAZ domains of these
proteins may interact during RNAi [24,25]. Importantly,
several members of this family also have important roles in
development. Argonaute itself plays an important part in
leaf and flower formation [26]. Several family members,
including Aubergine/Sting, are required for normal
germline development [27,28]. How these proteins func-
tion in development is a mystery, but clues might again
come from small RNAs.
Twenty-four members of the Argonaute/RDE-1 family
have been identified in C. elegans (Figure 2) [1]. RDE-1
itself has no discernable developmental role [20]. Grishok
et al. [1] surveyed most of the other C. elegans homologs by
RNAi, and found that the argonaute-like genes, alg-1 and
alg-2, are clearly important in development. Some of the
phenotypes caused by reducing alg-1/alg-2 expression
resemble those caused by dcr-1 deficiency, in that they too
are similar to the developmental timing defects caused by
lin-4 or let-7 mutations. Another similarity to dcr-1 is that
alg-1 and alg-2 are needed for the generation of the mature
short forms of stRNA, although Argonaute/RDE-1 family
members are not likely to be nucleases. There is no
evidence, however, that alg-1 or alg-2 is involved in RNAi,
so their products are not likely to be involved in siRNA
generation. Thus one C. elegans Argonaute/RDE-1 family
member — RDE-1 — is apparently involved in RNAi but
not development, whereas others — ALG-1 and ALG-2 —
are involved in development but not RNAi (Figure 1).
The parallel functions of RDE-1 and ALG-1/ALG-2 in
siRNA and stRNA biogenesis suggest this family of pro-
teins may provide specificity to the processing of small
RNAs. They may interact with Dicer nuclease to generate
the appropriate cleavage products. In addition, they may
associate with the short RNAs after they have been
generated to guide them to their appropriate targets.
Recently, a component of the nuclease complex formed
after siRNA processing in Drosophila has been shown to
contain an Argonaute homolog, AGO2, supporting the idea
that these proteins are important for the function, as well
as the generation, of small RNAs [25].
The small RNA world
The most exciting insight to come from recent work is that
there are many other Argonaute/RDE-1 family proteins
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Figure 2
The Argonaute/RDE-1 family and related
proteins. Boxed proteins have been shown to
be involved in post-transcriptional gene
silencing, except for ALG-1/ALG-2, which are
involved in stRNA generation. Other named
proteins are involved in development. Some
members of the family are not indicated.
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that might have small RNA cofactors. Arabidopsis and
Drosophila also have multiple members of this family, and
at present their biological roles are not known [21,29]. Do
all of these proteins function with small RNAs like the
siRNAs and stRNAs? If many more small RNAs are
explicitly encoded in the genome, might they be involved
in processes other than the regulation of developmental
timing ? (If so, perhaps in the future, small templated RNAs
may be a better use of the stRNA acronym.) In any case,
what is most remarkable about the intersection of the
siRNA and stRNA pathways is that it reveals the early
evolution of an elaborate system of generating small RNAs
for very distinct modes of gene regulation. The small
RNAs we know of may only be the tip of an iceberg. 
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